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Abstract 
 
 This study examines the reaction between carbonate and calcium to precipitate calcium 
carbonate in an experimental model.  This model is a small micro-fluidic device that incorporates a 
flow channel with an imprinted homogeneous pore structure to replicate the porous nature of 
groundwater flow.  Sodium carbonate and calcium chloride were injected in to this model to form a 
calcium carbonate precipitate.  The experiment was run and analyzed visually as well as analytically 
with tools including light, laser confocal, and Raman spectroscopy.  The main points of interest 
include the morphology of the crystals and the rates of crystal formation.  A thin line of calcium 
carbonate formed in the model composed of coarse calcite crystals and fine vaterite crystals.  At 
lower concentrations, this precipitate line was more irregular, wider, and contained more calcite 
crystals; as concentration increased, the precipitate line became straighter, thinner, and contained 
more vaterite.  Also, precipitation occurred more quickly with increasing concentration.  A better 
understanding of precipitation reactions is important to determine the challenges associated with 
geological carbon sequestration.  
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1. Introduction 
 
Levels of carbon dioxide (CO2) in the atmosphere have been steadily increasing since the 
industrial revolution and even more during the modern era.  Because of studies in climate change 
indicating the negative impacts of these gases, there has been great interest in finding ways to 
avoid the release of CO2 into the atmosphere 
9
.  The process of carbon sequestration by injection 
of carbon dioxide into underground formations is a particularly appealing option due to the 
potential for what is seen as long term, near permanent storage
 8,9
.  As there are already projects 
underway, such as the Sleipner site operated by Stat Oil in the North Sea off Norway, fully 
understanding the dynamics of the process is a matter of importance and urgency.   
Carbon sequestration has already been studied on many levels.  Computer simulations 
have attempted to model the propagation of a plume of CO2 injected into the ground over 
thousands of years including Audigane eta al.
1
, Doughty et al.
4
, Gibson-Poole et al.
5
, Johnson et 
al.
10
, and Matter et al.
15
.  All of these studies acknowledged the potential of aquifers to lock away 
CO2 in a near permanent fashion as mineral precipitates, but also the importance of how these 
precipitates can alter the movement of the plume.   
Precipitation and dissolution of subsurface minerals of relevance to CO2 sequestration 
have been evaluated in a number of studies.  Most of these used batch experiments, which 
utilized sediments from proposed and operating sequestration sites, where core samples are 
exposed to carbon dioxide and brine for weeks or months
6,11,16,21
.  Findings of Gunter et al.
6
 are 
of particular interest because they show that significant mineral precipitation of carbonate 
minerals can occur, especially in cases where silicate minerals are present with a large proportion 
of calcium and magnesium.   
The reaction of calcium with dissolved carbonate has been of particular interest to 
researchers.  Tartakovsky et al.
17
 worked with a macro scale quasi-two dimensional flow cell 
packed with quartz sand to more closely analyze the reaction between aqueous phase calcium 
and carbonate both at 100mM; they found that calcium carbonate readily precipitates and forms a 
thin white line at the mixing interface between these two reactants, significantly reducing 
porosity.  Work by Katz et al.
12
 was done with a similar setup and a high concentration of 
reactants, but utilized sampling ports along the length of the flow cell to monitor the 
 2 
concentration of calcium and carbonate as the precipitation reaction proceeded.  A fundamental 
understanding of how calcium carbonate precipitation and dissolution affect porosity, flow, and 
mixing at the pore scale is still lacking.   
The objectives of my thesis work are to determine the impact of diffusive mixing and 
reactant concentrations on calcium carbonate mineral precipitation rates, morphology, phases, 
and permeability.  I focus on studying calcium carbonate precipitation in silicon-etched 
microfluidic pore structures called micromodels.  The micromodels have two inlets that 
introduce flow to the pore network as two parallel and adjacent streams.  The reactant Na2CO3 is 
introduced through one inlet, and CaCl2 through the other.  Through transverse mixing, aqueous 
phase CO3
2-
 and Ca
2+
 reaction to form a precipitate, and reflected differential interference 
contrast microscopy, epi-fluorescence microscopy, and backscattering Raman spectroscopy are 
used to evaluate the precipitates and flow structure. Precipitation is important during CO2 
injection because it can lead to a reduction in porosity, CO2 storage capacity, and CO2 injection 
efficiency. 
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2. Background 
There are three types of geological systems under consideration for storage of CO2:  
depleted oil and gas reservoirs, unmineable coal beds, and saline aquifers.  Of these possibilities, 
saline aquifers are the most abundant and are thought to have the highest long term storage 
potential 
8
.  The storage amount of a formation will depend on many factors, including rate of 
migration of CO2, prospects of gas trapping, and dissolution or precipitation of new minerals 
5
.  
Target sites, such as the Sleipner site, are chosen based on characteristics such as thick 
accumulations of sediments, permeable rock formations saturated with saline water, extensive 
covers of low porosity rocks (which act as seals), and structural simplicity 
9
. 
To geologically sequester carbon, carbon dioxide from fossil fuel power plants is 
captured and compressed into a dense fluid phase, called a super critical fluid, and then injected 
through a well into a subsurface formation.  Supercritical CO2 occupies less volume than the 
corresponding gas phase, it has both oil and water wetting properties, and is more buoyant than 
water.  These factors cause the injected CO2 to displace a large fraction of fluid in pore spaces, to 
rise upward in a saline aquifer, and to form a plume in the shape of an inverted triangle 
1,4,9
.  
Supercritical CO2 dissolves into the surrounding brackish groundwater over time; dissolved CO2 
increases the density of the brine and leads to convective fluid circulation 
18
.  This promotes the 
mixing of brine with and without CO2.  
There are three main trapping mechanisms for CO2 in the subsurface:  dissolution 
trapping where CO2 dissolves into groundwater, mobility trapping where free-phase CO2 is 
isolated in pores and no longer moving, and mineral trapping where CO2 forms minerals from 
precipitation reactions 
1,4,7
.  Mineral trapping can lead to long term storage and potentially offers 
large amounts of storage volume 
15
.  According to Audigane et al
1
, mineral trapping can 
potentially sequester carbon for millions of years.  Aquifers with silicate minerals that have a 
large proportion of magnesium and calcium are considered to have the greatest ability to 
immobilize CO2 as a precipitate 
15
.  In saline aquifers, model simulations by Johnson et al.
10
 have 
shown that mineral trapping will occur primarily in the form of metallic carbonates, especially 
siderite (FeCO3), magnesite (MgCO3), and calcite (CaCO3).  
Dissolution of injected CO2 and subsequent mineral reactions are complex and occur 
through a variety of processes.  Initially, the injected CO2 dissolves into water and forms 
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carbonic acid. The carbonic acid dissociates to form protons and bicarbonate ions near neutral 
pH.  As more carbonic acid dissociates, the pH drops and dissolution of minerals occurs 
20
. 
Calcite is especially susceptible to dissolution because of its high reactivity at low pH 
14
.  
Mineral dissolution leads to an increase in cations and anions in solution; for example, calcite 
dissolution leads to the release of Ca
2+
 and CO3
2-
 into groundwater, and the subsequent raising of 
pH.  Dissolution of CO2 and minerals in an aquifer can eventually lead to a super saturated state 
with respect to carbonate minerals.  This can lead to the precipitation of new minerals at the 
edges and front of the supercritical CO2 plume, which can affect the permeability, and thus 
dynamics, of the system 
14
.  One such precipitation reaction, and that of particular interest in this 
paper, is that of carbonate with calcium to form calcium carbonate, which is often calcite: 
 
CaCl2 + NaCO3  CaCO3(s) + Na(aq) + Cl(aq) 
 
Several authors have developed models to simulate the injection of carbon dioxide into 
deep saline formations. Audigane et al.
1
 simulated carbon sequestration at the Sleipner site, and 
incorporated geochemical equilibrium reactions with a CO2 transport model.  They found that a 
large amount of calcite dissolves above the CO2 injection point, and this leads to precipitation of 
minerals such as calcite further away from the injection point.  At the end of the modeling period 
(25 year injection, 10,000 year storage), Audigane et al.
1
 estimated that 5% of the plume was 
locked away in minerals precipitates.  Johnson et al.
10
 simulated carbon sequestration at the 
Sleipner site for a ten year active injection period and a ten year post injection time period.  
These authors found that mineral trapping is directly related to the bulk concentration of 
carbonate forming elements (Ca
2+
, etc).  In their simulations, Johnson et al.
10
 found that 
carbonate minerals precipitate along the outer rims of the supercritical CO2 plume, creating a 
kind of carbonate mineral ―shell‖ around the plume, as well as a carbonate precipitate in shale 
formations found in the caprock and in between the layers of sandstone.  These carbonate shells 
lead to a decrease in CO2 storage volume. Over time, the shells grow denser and slightly inwards 
towards the injection point.  After the ten year post injection time period, it was found that 1% of 
the carbon dioxide had undergone mineral trapping.  Even with this small proportion, Johnson et 
al.
10 
notes that mineral trapping is very important because it affects injection rate, storage 
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volume, and caprock integrity.  We note that carbonate precipitation along the outer rim of the 
CO2 plume is of particular interest in my work, because diffusive mixing of cations and 
carbonate in these regions likely affects mineral precipitation rates, morphology, phases, and 
permeability in the aquifer. 
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3. Experimental Setup 
 
 
Fig. 1, Micromodel in Aluminum Manifold 
 
Fig. 2, Micromodel Layout with Chemical Inputs and Outputs Labeled 
 
The experiment is carried out in a micro-fluidic device referred to as a micromodel, 
shown in Fig. 1.  The micromodel is a silicon etched pore network connected on the upgradient 
side to two flow inlets and on the downgradient side to another flow inlet and one flow outlet as 
described by Zhang et al.
 22
  It is enclosed by a cover slip of Pyrex glass anodically bonded to the 
silicon.  The entire pore network is 1 cm wide and 2 cm long, and it consists of a staggered array 
of uniform 300 micron diameter cylinders with 35 micron pore throats and 180 micron pore 
bodies, all etched to a depth of 20 microns.  The fabrication process follows Willingham et al.
19
.   
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The micromodel is fed liquid by two direct current sub micron flow pumps (Teledyne 
ISCO 100 DM Syringe Pump) filled with nano pure water (Thermo Scientific Barnsead 
NANOpure Water Purification System).  Feed solutions are loaded into sampling loops 
composed of 1/16 inch inner diameter polyether ether keytone (PEEK) tubing with a volume of 
10 mL.  A six way valve is used to allow loading and unloading sampling loops. In the unloading 
mode, the solution in the sampling loops is pushed out by the nano pure water from the pumps 
into the micromodel.  A back pressure regulator (500 psi, Upchurch Scientific) is also attached 
before the six way valve to help stabilize the flow. The volumetric flow rate has been analyzed 
with tracer tests to show that the flow is stable at all flow rates utilized in these experiments.  
Tubing is connected to the micromodel by means of either an aluminum manifold or a nanoport 
assembly. 
 The two feed solutions are aqueous phase sodium carbonate (Na2CO3) and calcium 
chloride (CaCl2).   Each of these is loaded into the sampling loops by injection with a Harvard 
syringe pump in the loading mode.  As seen in Fig. 2, CaCl2 is injected into the top half of the 
model and Na2CO3 into the bottom.  The two solutions undergo transverse mixing along the 
center of the micromodel pore structure, leading to the creation of calcium carbonate precipitate.  
Hydrochloric acid (HCl) is injected by means of a Harvard syringe pump into the inlet directly 
following the pore structure.  This is done to dissolve the precipitate so the outlet does not 
become clogged, creating pressure which would damage the micromodel. 
Prior to loading solutions, the model and tubing are flushed with carbon dioxide to 
remove any air in the system.  The model is then flushed with at least two pore volumes of water.  
Because carbon dioxide readily dissolves in water, this procedure insures that there is no gas left 
in the micromodel. The pore structure is entirely saturated with water prior to injection of the 
feed solutions. 
The two feed solutions are injected at equal molar concentrations at an injection rate of 
75 µL per hour into each inlet, or 150 µL per hour total in the pore structure, equivalent to a 
Darcy velocity of 0.075 cm per hour.  For comparison with Tartakovsky et al.
17
, a concentration 
of 100 mM was first attempted.  This concentration lead to a reaction that was too fast to form a 
well defined precipitate line that could be accurately analyzed in my system.  I found that 50 mM 
is the highest concentration from which useful quantitative data could be obtained.  6.5mM was 
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the lowest concentration tested that lead to precipitation of calcium carbonate in the micromodel, 
although concentrations between 5 mM and 6.5 mM were not considered.  At 5 mM, no reaction 
was found in the model.  These concentrations are much higher than the solubility limit at which 
precipitation should theoretically occur.  However, the retention time in the micromodel is only 
1.6 minutes at the flow rate used which limits the reaction.  As seen in Table 1, the inlet 
concentrations I analyzed are 6.5, 10, 25, and 50 mM.  The saturation state is defined as: 
= [Ca2+] × [CO3
2-
] × KspCaCO3
-1
 
as in Kandianis et al.
13
. 
 
Table 1. Summary of Experimental Conditions 
 Conc. CaCl2 Na2CO3 
Saturation 
State 
Saturation 
State 
Saturation 
State 
Exp [mM] pH 
a 
pH 
a 
wrt calcite 
b
 wrt aragonite 
c 
wrt vaterite 
d 
1 6.5 5.8 10.6 3.4 3.2 2.8 
2 10 5.9 10.8 3.8 3.6 3.1 
3 25 6.1 10.9 4.6 4.4 3.9 
4 50 6.3 11.1 5.2 5.0 4.5 
Note: 
a 
pH of DI water used to prepare all solutions is 5.7; 
b 
pKsp = 8.42; 
c 
pKsp = 8.22; 
d 
pKsp 
= 7.73. (pKsp values from Stumm, 1992). 
 
The experiment was monitored with an inverted microscope equipped with differential 
interference contrast and fluorescent modes (a Nikon Epiphot 200 epi-fluorescent microscope 
using a 5x inverted objective and reflected differential interference contrast microscopy), with a 
mounted automated stage controlled by Metamorph imaging software (Metamorph imaging 
program, created by Molecular Devices, now part of Danaher Corporation).  To build a full 
image, individual images were taken at different points and then compiled by the program to 
build a larger composite image of the pore network.  Typically, 24 columns by 16 rows of 
images were taken with the 10x objective to create one composite image of the full pore 
network.  The light source, a mercury lamp, does not provide a uniform intensity, but is more 
intense in the center of the image, and less intense towards the edges.  All images were corrected 
for any inconsistencies in the light source using a background correction image.  This image is 
taken of a uniform area of the model that contains no pores, precipitate, or changes in model 
depth.  It is used to correct variations due to the light source by assuming that pixel intensity 
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values near the center of the image are correct and adjusting others accordingly.  These 
adjustments are then applied all other images.  Images were not taken at larger than 10x 
magnification due to space constraints; the assembled images become too large for the computer.  
A picture was taken prior to any solutions being in the pore structure to serve as a comparison to 
analyze the images later.   
Pictures were initially taken in 30 minute intervals for the 6.5 mM concentration and in 
15 minute intervals or less for higher concentrations.  As the reaction approached steady state 
and proceeded less aggressively, the time between pictures was increased to suitably show 
changes occurring in the micromodel.  Experiments were run at least three hours after visually 
steady state conditions were achieved.  At least three runs were preformed for each 
concentration; however, for brevity only two experiments for each concentration are included in 
the results and section here. 
Experiments were analyzed to show the total precipitate growth rate for the entire model, 
the growth rate for a small area of precipitate at different locations within the model (upstream, 
middle, and downstream), and the growth rate of specific crystals.  To analyze the precipitate 
growth, the first image taken for each experiment was subtracted from each of the images that 
came afterwards. This action subtracts the light intensity values of the pixels at each position and 
returns a resultant image based on this information.  Ideally this procedure would create an 
image of only the precipitate, effectively eliminating the pore structure and any background 
intensity.  However, light fluctuations over time cause the intensity range to vary among images.  
The image can be further refined by adjusting the threshold value, which removes the pixels that 
are above or below a defined intensity value.  This process was used to further remove most of 
the pore structure and background remaining from the subtracted images.  However, the 
cylinders in the model also cast shadows on the model surface.  These are more difficult to 
remove because the precipitate has a very similar intensity range to these shadows.  Changing the 
threshold to remove the shadows would also remove some of the precipitate, and consequently 
lead to inaccurate reading of precipitate growth.  To compensate for this, black circles were 
drawn over top of the cylinders and shadows on the time zero image, so when this image is 
subtracted, they can easily be removed by adjusting the threshold.  Some precipitate is lost 
during this process, since some may be within the cylinder shadows.  But since it is not possible 
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to distinguish intensity values of the precipitate from the shadows, it is very difficult to correctly 
count this area otherwise.  In its the final steady state there is an estimated 7% precipitate area 
lost for 6.5mM and 3% precipitate area lost for 50mM due to this process.  This was calculated 
by measuring the pixel area of the shadowed precipitate in several representative locations and 
averaging these values over the entire pore structure.  After adjusting the images in this manner, 
the precipitate area was found by measuring the total pixel area.   
Crystals that precipitated during the reaction were distinguished using backscattering 
Raman spectroscopy. Raman spectroscopy gives information about the frequencies of the atomic 
vibrations and rotations in a crystal, which are directly related to its symmetry and structure.  A 
distinct spectrum is created for each of the three carbonate polymorphs, enabling the samples to 
be identified by comparison with spectrums found in previous research 
2
.  As described in the 
results section, calcite and vaterite crystals were identified, and these two crystal types typically 
had a different appearance.  In order to chart the growth of calcite and vaterite crystals 
separately, a small region (49 X 49 sq. microns) of the model was analyzed visually over time 
based on crystal appearance. Areas were selected that contained both a large mass of vaterite and 
large calcite crystals.  The pixel areas of these two crystals were tracked over time.   This was 
done for the 6.5mM and 50mM micromodel experiments. 
The effect of the precipitate on porosity was determined by visualizing the three-
dimensional structure of the precipitate using confocal microscopy.  The pore space was first 
flushed with water containing the fluorescent tracer Fluorescene (excitation 494 nm, emission 
521 nm). A Leica SP2 Multiphoton Confocal Microscope was used to excite and collect images 
of narrow horizontal slices at different depths in micromodel pores. These images were stacked 
to create a composite 3D image.  Since only tracer around the calcite is imaged, the calcite could 
be distinguished from water filled pore space. Tech Plot was used to build three dimensional 
images.  
The effect of the precipitate on permeability was determined by injecting the same 
fluorescent tracer into one inlet at 150 ul per hour, injecting clean water into the other inlet at 75 
µL per hour, and visualizing the location of the interface between water with and without the 
tracer in the pore network using epi-fluorescent microscopy. At equal flow rates, the tracer 
would fill exactly half the micromodel pore space.  At the 2:1 ratio of flow rates used, the tracer 
 11 
would fill exactly 2/3 of the micromodel pore space with no precipitate present.  If the calcium 
carbonate blocks pores and reduces permeability along the mixing centerline of the micromodel, 
the tracer will occupy less than 2/3 of the micromodel pore space. Na2CO3 was added to the 
tracer solution and CaCl2 was added to the clean water to ensure there was no dissolution during 
the tracer injection experiment.   
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4. Results and Discussion 
 
4.1 Mineral Morphology 
Calcium Carbonate has three polymorphs: calcite, aragonite, and vaterite.  The 
appearance of different phases in the system can be explained by the Law of Stages described by 
Ostwald, which relates the stability of these three phases to their differences in solubility.  
According to Ostwald, the phase which has the highest solubility precipitates first and can then 
transform to a more stable phase 
3
.  Of the three calcium carbonate polymorphs, calcite is the 
most thermodynamically stable, followed by aragonite, and vaterite 
3
.  
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4.1.1 Raman Spectroscopy 
The results of Raman analysis for the experiments with 6.5 mM and 50 mM 
concentrations are shown in Fig. 3.    
 
Fig. 3 (cont. on next page) 
a) 
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Fig. 3, Raman Spectrum of CaCO3 Precipitates in Micromodel at (a) 6.5 and (b) 50 mM 
 
Behrens et al.
2
 and Carteret et al.
3
 previously studied the Raman spectra of calcium 
carbonate polymorphs.  Their research showed that calcite can be identified by prominent peaks 
b) 
 15 
near 1100, 710, 280, and 150 cm
-1
.
 
 Vaterite can be identified by a distinct split peak around 
1100 cm
-1
, peaks at 750 and 110 cm
-1
, and a small peak around 300 cm
-1
.  The spectra from my 
Raman analyses generally correspond well with these frequencies, and I identified both vaterite 
and calcite in the micromodel pore structures.  However, the peaks found around 480 and 520 
cm
-1
,
 
as seen in some of our samples, were not found in the literature. These may be caused by 
the silicon in the micromodel. 
Based on my Raman spectroscopy results, the significantly larger, more regular, highly 
transparent crystals are calcite.  The very fine precipitates present largely along the center of the 
model in the experiments are vaterite.  Some of the more irregular dendritic crystal structures, 
such as in the crystal identified as b in Fig. 3 (a), are also vaterite.  This shows that vaterite is not 
only a fine precipitate. 
 
4.2 Precipitate Line Visual Analysis 
 
4.2.1 Final Precipitate Lines 
 
 
 
 
 
 
 
 
Fig. 4 Images Taken at Steady State with Respect to Mineral Precipitation for 
Concentrations of (a and b) 6.5, (c and d) 10, (e and f) 25, and (g and h) 50 mM 
 
Images of calcium carbonate precipitation in micromodels taken at pseudo-steady state 
are shown in Fig. 4.  All concentrations tested are presented with replicate experiments.  In all 
a) 
b) 
c) 
d) 
e) 
f) 
g) 
h) 
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cases, precipitates form along the center mixing lines of micromodels.  A fine precipitate, 
determined to be vaterite (section 4.1.1), appears as dark, densely packed agglomerates that 
occupy the center of the precipitate line.  Large, coarse crystals, previously shown to be calcite, 
are also observed, and are located mainly off center of the precipitate line.  At all concentrations, 
there is more precipitate below the center mixing line than above this line.  This is most likely 
due to a pH difference (See Table 1) between the two reactants.  For 6.5mM to 50mM 
concentrations, the CaCl2 solution (in the top half of the pore structure) has a pH range of 5.8 to 
6.3, and the Na2CO3 solution (in the bottom half) has a pH range of 10.6 to 11.1.  Less 
precipitation occurs in the more acidic top portion of the pore structure. 
At different concentrations, the precipitate phase, morphology, and thickness vary.  More 
calcite crystals are observed at lower concentrations.  This is evident in Fig.4 (a), where many 
large crystals are visible along the wavy precipitate line.  At 10 mM, fewer calcite crystals are 
observed (Fig. 4 (c)).  At 25 and 50 mM, there is very little evidence of calcite formation (Fig. 4 
(e) and (h)).  Larger crystals may form at lower concentrations because the reaction is slower.  
The decrease in calcite crystals observed with increasing concentration also corresponds to an 
increasingly thinner and straighter precipitate line.  For soluble reactants in a microfluidic pore 
structure, more product is predicted at higher reactant concentrations
19
.  This is the opposite of 
what is observed for CaCO3 precipitation.  We propose that this is because the precipitate 
decreases porosity and restricts mixing of reactants.  
Some differences are observed between replicates. The 6.5mM concentration 
experiments (Fig. 4 (a) and (b)) show the greatest variation.  The precipitate in Fig. 4 (b) is 
straighter and narrower, and shows less calcite, than in Fig. 4 (a). The early formation of large 
calcite crystals in both experiments forced the vaterite line to meander around the calcite 
crystals, causing the precipitate line to be wavy.  The amount and size of these large calcite 
crystals are greater in the experiment in Fig. 4 (a) than the one in Fig. 4 (b), and the reason for 
this is not clear.  It is possible that more nucleation sites were present in Fig. 4 (a), perhaps due 
to dust particles introduced during gas or water flushing, or to a slightly rougher surface created 
during silicon etching. 
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4.2.2 Precipitate Line Growth with Time 
 
 
 
 
Fig. 5, Precipitate Line Growth at 6.5 mM Concentration Taken at (a) 9.3, (b) 11, (c) 20, 
and (d) 33.5 hours 
 
A time progression of images from the 6.5mM experiment is shown in Fig. 5.  The first 
precipitates in the 6.5mM experiments are large calcite crystals (Fig. 5 (a) and (b)).  These begin 
forming very slowly at random locations along the center of the model as the two solutions come 
into contact and undergo transverse mixing.  Many of the crystals grow to a size that fills an 
entire pore.  This is illustrated in Fig. 6. 
 
 
Fig. 6, High Resolution Image of the Precipitate Line at 20 hours at 6.5 mM Concentration 
Showing Distinct Calcite and Vaterite Crystals 
 
   Between 12 and 20 hours into the experiment, smaller vaterite crystals began to 
precipitate in a tightly packed formation, seen at low magnification in Fig. 5 (c) and at higher 
a) 
b) 
c) 
d) 
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magnification in Fig. 6.  These formed near the entrance of the model and then proceeded to 
grow horizontally down the entire length of the micromodel.  While vaterite is formed later in 
the experiment, it formed much more quickly than the larger crystals. The 10 mM experiment 
behaved similarly, with large calcite crystals present early in the experiment, and vaterite 
formation only after an hour or so at this concentration.   
 
 
  
 
 
Fig. 7, Precipitate Line Growth at 50 mM Concentration Taken at (a) 2, (b) 8, (c) 42, 
and (d) 67 minutes 
 
A time progression of images from the 50mM experiment is shown in Fig. 7.  The first 
precipitate in the 50mM experiments are fine vaterite crystals.  A straight line forms along the 
center of the micromodel, first upstream (Fig. 7 (a) and (b)), and then down the entire length of 
the pore structure, (Fig. 7 (c)).  The precipitate line begins forming as soon as the two solutions 
come into contact and undergo transverse mixing.  After the precipitate line extends the length of 
the pore structure, small amounts of calcite crystals formed off center from the mixing line.  This 
is illustrated in Fig. 8 (b). 
 
 
b) 
c) 
d) 
a) 
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Fig. 8, High Resolution Image of Precipitate Line at 50 mM Concentration Taken at (a) 8 
minutes and (b) 67 minutes Revealing Width Reduction of Precipitate Line 
 
The precipitate line formed is initially more wide transverse to flow than at steady state 
(Fig. 8 (a)).  The final precipitate line appears darker than the wider precipitate line formed at an 
early time (Fig. 8 (b)).  Based on this observation, we propose that the reduction in precipitate 
line width over time at high concentrations occurs because the precipitates become more dense 
and this limits diffusion and subsequent mixing of Ca
2+
 and CO3
2-
.  The 25mM experiment 
behaved similarly, with fine vaterite crystals forming a uniform straight line, and small calcite 
crystal formation later in the experiment. 
 
a) 
b) 
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4.3 Precipitate Growth Rate 
 
4.3.1 Overall Area Growth 
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Fig. 9, Total Precipitate Growth at Concentrations of (a) 6.5, (b) 10, (c), 25 and (d) 50 mM  
(Replicates for all concentrations can be found in Appendix). 
 
Total precipitate areas versus time at all concentrations are shown in Fig. 9.  Total 
precipitate areas steadily increase at each concentration until reaching a maximum value.  At 25 
and 50 mM, the total areas then decrease until reaching a steady state value.  This decrease is due 
to reduction of the width of the precipitate zone as addressed earlier in this section.  At 6.5 and 
10 mM, the maximum values roughly correspond to steady state values. The total precipitate area 
for the 6.5mM case is the highest, followed by the 10 mM, 25 mM, and then 50 mM cases.  The 
total precipitate area at steady state for the 50 mM case is approximately 81% smaller than for 
the 6.5 mM case. Greater amounts of product are expected for higher reactant concentrations 
when the product is soluble.  I found that less precipitate is formed at higher concentration.  This 
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indicates that at higher concentrations pore blockage occurs because faster precipitation leads to 
a greater reduction in porosity and mixing. 
The rate of precipitate formation at different concentration can be compared by using the 
initial line slopes in Fig. 9.  Line slopes (and precipitation rates) increase markedly from the 6.5 
to the 25 mM experiment, and are similar for the 25 and 50 mM experiments. Greater 
precipitation rates correspond to faster times to reach steady state as expected.  The time to reach 
steady state in the 6.5 mM experiment is 25 hours and in the 50 mM experiment is one hour.  
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4.3.2 Area Growth at Different Locations 
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Fig. 10, Precipitate Growth at Three Different Locations Along Precipitate Line at 6.5 mM 
Concentration 
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Fig. 11, Precipitate Growth at Three Different Locations Along Precipitate Line at 50 mM 
Concentration 
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Specific pores were selected upstream, in the middle and downstream in the micromodel 
for analysis of precipitate area versus time.  The results for 6.5 and 50 mM experiments are 
shown in Fig. 10 and 11.  Results for 10 and 25 mM concentrations are in the appendix.  For 6.5 
and 50 mM concentrations, precipitation is faster upstream and similar in the middle and 
downstream. Also, there is slightly more precipitation upstream at steady state.  The largest 
concentration gradient are in the upstream section of the micromodel pore structure, and this 
leads to faster precipitation, and potentially slightly more total precipitate at steady state.  The 
main difference between precipitation rates in different sections of the pore structure for the 6.5 
mM and 50 mM experiments are that slower precipitation rates are observed in the former 
compared to the latter.  This is the same trend observed for total precipitation areas. 
 
 24 
4.3.3 Crystal Growth 
 
 
 
Fig. 12, Location of Crystal Growth Analysis and Identification of Crystals at 6.5 mM 
Concentration 
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Fig. 13, Fine and Coarse Crystal Precipitate Growth at 6.5 mM Concentration 
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Fig. 14, Location of Crystal Growth Analysis and Identification of Crystals at 50 mM 
Concentration 
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Fig. 15, Fine and Coarse Crystal Precipitate Growth at 50 mM Concentration 
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Total areas of fine and coarse crystals in the 6.5 and 50 mM experiments versus time 
were computed and the results are shown in Fig. 13 and 15.  High resolution images of calcite 
and vaterite crystals from these experiments are shown in Fig. 12 and 14.  Based on these and 
other images, fine precipitates are primarily vaterite and coarse crystals are primarily calcite.  At 
both concentrations, calcite forms first followed by vaterite, and the amount of each formed 
grows until a steady state value is reached.  However, more calcite than vaterite forms in the 6.5 
mM experiment, more vaterite forms than calcite in the 50 mM experiment, and the delay before 
vaterite forms is much greater in the 6.5 mM experiment.  About one third of the total precipitate 
area is vaterite at 6.5mM, whereas about four fifths of the total precipitate area is vaterite at 50 
mM.  This suggests that more thermodynamically stable calcite is formed at lower concentrations 
where reaction rates are slower and closer to equilibrium. 
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4.4 Mineral Blockage of Pores and Permeability Changes 
 
4.4.1 Confocal Analysis 
 
 
 
 
 
Fig. 16, Three Dimensional Precipitate Created from Laser Confocal Microscopy Images at 
Concentrations of (a) 6.5 and (b) 25 mM 
 
Laser confocal images of precipitates in pores of the 6.5 and 25 mM experiments are 
shown in Fig. 16.  In both images, the precipitate is the irregular structure in the center of each 
image.  The bottom portion of a cylinder is in the top of each image. The images show that the 
a) 
b) 
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precipitate occupies the entire depth of the micromodel.  These results suggest that the 
precipitate is relatively uniform with depth, and that complete pore blockage occurs at an image 
resolution of 0.21 micron in-plane resolution and 0.5 micron slice thickness. 
 
4.4.2 Tracer Test 
 
   
 
  
 
 
 
Fig. 17, Fluorescent Tracer Test Images of Whole Model (a) with no Precipitate, and 
Concentrations of (b) 6.5, (c) 10, (d) 25, and (e) 50 mM  
 
Images of tracer in the micromodel pore space at steady state are shown in Fig. 17.  
Recall that the fluorescent tracer was injected into the top inlet and water into the bottom inlet at 
a flow ratio of 2:1.  When no precipitate was present, the injected tracer occupied approximately 
b) 
c) d) 
e) 
a) 
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2/3 of the pore structure as expected.  At all concentrations when precipitate was present, the 
injected tracer occupied only the top half of the pore structure.  This shows that the permeability 
is significantly reduced by the presence of precipitate.  Coupled with the laser scanning confocal 
images that show the precipitate occupies the entire pore depth, it appears that the precipitate 
effectively blocks the pore space and greatly reduces the extent of mixing. 
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5.  Conclusions and Implications 
A micro fluidic flow cell was utilized to study the formation of calcium carbonate in a 
homogeneous pore structure.  This reaction is of interest due to its impact on carbon 
sequestration plume transport and storage 
10
. The formation of carbonate precipitates has been 
studied at the continuum scale in flow cells by Tartakovsky et al.
17
 and Katz et al.
12
  This work 
focuses on developing a pore-scale understanding of calcium carbonate precipitation.    
Calcium carbonate precipitated at all concentrations presented: 6.5, 10, 25, and 50 mM. 
Raman analysis revealed that larger, more regular crystals that formed are calcite, and finer 
precipitates that formed are vaterite.  The 6.5, 10, 25, and 50 mM concentrations studies were 
2.8, 3.1, 3.9, and 4.5 times greater than the saturation limit of vaterite, and 3.4, 3.8, 4.6, and 5.2 
times greater than the saturation limit of calcite.  At the lowest concentration, 6.5 mM, the 
precipitate line was wider, more undulating, and composed of much more calcite than vaterite.  
As the concentration increased, the precipitate line became narrower, straighter, and composed 
of more vaterite. 
The reaction rate generally increased with concentration, but the amount of precipitate 
decreased.  This suggests that the precipitate at higher concentrations is more dense and allows 
less mixing and precipitate formation. Confocal analysis showed that the precipitate was 
relatively uniform through the depth of the micromodel pore structure.  The tracer injection test 
revealed that the precipitate decreases permeability.  These results together show that calcium 
carbonate precipitation decreases mixing, and that at higher concentrations mixing may be more 
inhibited and result in less total precipitate.  
Dense zones of precipitation during geological CO2 sequestration may lead to a reduction 
in permeability and corresponding reduction in CO2 injection efficiency.  The blocking of pore 
space may also lead to a reduction in CO2 storage capacity. I recommend that future work 
include experiments at different flowrates and with different cations in solution to evaluate more 
fully the range of conditions expected at carbon sequestration sites.  Also, modeling of my 
experimental results will lend insights into mechanisms controlling overall precipitation rates 
and the extent of permeability reduction that occurs.
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 Appendix A: Total Precipitate Replicates 
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Fig. 18, Total Precipitate Growth at 6.5 mM Concentration with Replicate 
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Fig. 19, Total Precipitate Growth at 10 mM Concentration with Replicate 
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Fig. 20, Total Precipitate Growth at 25 mM Concentration with Replicate  
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Fig. 21, Total Precipitate Growth at 50 mM Concentration with Replicate 
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Appendix B:  Precipitate Growth at Different Locations at 10 and 25 mM Concentrations 
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Fig. 22, Precipitate Growth at Three Different Locations Along Precipitate Line at 10 mM 
Concentration 
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Fig 23, Precipitate Growth at Three Different Locations Along Precipitate Line at 25 mM 
Concentration 
